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,QWHJUDWHG*DVLILFDWLRQ&RPELQHG&\FOHV ,*&&V DUH RQH RI WKH HPHUJLQJ FOHDQ FRDO WHFKQRORJLHVZKLFK SDYHV WKHZD\ IRU
SURGXFLQJ SRZHU IURP FRDO ZLWK D KLJKHU QHW SRZHU HIILFLHQF\  WKDQ FRQYHQWLRQDO 3&ILUHG ERLOHU SRZHU SODQWV ,W LV DOVR
DGYDQWDJHRXV WKDW LQ DQ ,*&& SRZHU SODQW D FDUERQ FDSWXUH XQLW FDQ EH DSSOLHG WR D VWUHDP KDYLQJ D YHU\ KLJK&2 SDUWLDO
SUHVVXUHXSVWUHDPRIJDVFRPEXVWLRQWKDWZRXOGQRWEHDYDLODEOHLQFDVHRID3&ILUHGERLOHUSRZHUSODQWOHDGLQJWROHVVHQHUJ\
SHQDOW\ LQYROYHG LQ WKHFDUERQFDSWXUH  ,Q WKLVVWXG\ LW LVDLPHGWRGHVLJQDFRJHQHUDWLRQSURFHVVZKHUHD+\GURJHQ3UHVVXUH
6ZLQJ$GVRUSWLRQ + 36$ XQLW LV UHWURILWWHG WR DQ ,*&& SRZHU SODQWZLWK SUHFRPEXVWLRQ FDSWXUH IRU SURGXFLQJ XOWUDSXUH
K\GURJHQYRO7KHXOWUDSXUHK\GURJHQLVFRPPRQO\XWLOLVHGDVIHHGVWRFNIRUGHHSGHVXOSKXULVDWLRQDQGK\GURFUDFNLQJ
XQLWVDWUHILQHULHVDVZHOODV+IXHOFHOOV ,W LVIRXQGWKDWDWWKHVDPH+SXULW\RIWKHK\GURJHQUHFRYHU\FRXOGEH













© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of GHGT-12
2024   Mauro Luberti et al. /  Energy Procedia  63 ( 2014 )  2023 – 2030 
,QWURGXFWLRQ
6WURQJGHSHQGHQF\RQFUXGHRLODQGQDWXUDOJDVDQGWKHLUDVVRFLDWHGVRDULQJSULFHDQGVXSSO\FKDLQULVNLQFUHDVH
WKH QHHG IRU HIILFLHQW XWLOL]DWLRQ RI IRVVLO IXHO HQHUJ\ VRXUFHV RI EHLQJ H[KDXVWHG7KH ULVLQJ FRQFHQWUDWLRQ LQ WKH
DWPRVSKHUH RI YDULRXV SROOXWDQWV NQRZQ DV JUHHQKRXVH JDVHV *+* LV LGHQWLILHG DV RQH RI WKH NH\ IDFWRUV
FRQWULEXWLQJ WR JOREDO ZDUPLQJ HIIHFW +RZHYHU LW LV DJUHHG WKDW WKH IRVVLO IXHOV ZLOO UHWDLQ D PDMRU SRVLWLRQ LQ
VXSSO\LQJKHDWDQGSRZHULQWKHQHDUIXWXUHEHIRUHDOWHUQDWLYHWHFKQRORJLHVXVLQJUHQHZDEOHVRXUFHVEHFRPHPDWXUH
HQRXJK WR EH VXEVWLWXWHG IRU FRQYHQWLRQDO IRVVLO IXHOV ,Q WKLV UHVSHFW &&68 &DUERQ &DSWXUH 6WRUDJH DQG
8WLOLVDWLRQ UHVHDUFK KDV EHHQ VWLPXODWHG DV D SUHHPSWLYH ZD\ RI VXVWDLQLQJ IRVVLOIXHO EDVHG HFRQRPLF JURZWK
ZLWKRXW GHYDVWDWLQJ WKH HQYLURQPHQW $PRQJ YDULRXV LQGXVWULDO &2 HPLWWHUV LW LV DQWLFLSDWHG WKDW WKH ILUVW






WKDW WKH DEDWHPHQW RI&2 HPLVVLRQZRXOGEHSRVVLEOHSDUWO\E\ LPSURYLQJ WKH HQHUJ\ HIILFLHQF\RI UHILQLQJ DQG
SHWURFKHPLFDOLQGXVWULHV>@ ,QDGGLWLRQLWDOVRSURSRVHGIXUWKHUUHGXFWLRQLQ&2HPLVVLRQZRXOGEHDYDLODEOHE\
GHSOR\LQJ FDUERQ FDSWXUH XQLWV RQ + SODQWV DQG UHSODFLQJ FRPEXVWLRQ IXHOV ZLWK FDUERQQHXWUDO ELRPDVV ,Q
SDUWLFXODU PRVW RI UHILQLQJ FRPSOH[HV QHHG WR LQFUHDVH WKHLU K\GURJHQ SURGXFWLRQ FDSDFLWLHV WR FRSH ZLWK WKH
LQFUHDVHG + GHPDQG IRU WKHLU K\GURWUHDWLQJ GHVXOSKXULVDWLRQ SURFHVV WKDW UHPRYHV PDLQO\ VXOSKXU DQG RWKHU
LPSXULWLHVDQGK\GURFUDFNLQJXQLWVZKLFKLVWRXSJUDGHORZJUDGHKHDY\UHVLGXHVWRPRUHYDOXDEOHGLHVHODQGOXEH







5HJDUGOHVV RI FKRLFH RI D SURFHVV SURGXFLQJ V\QWKHWLF JDV LW LV ZHOONQRZQ WKDW D SUHVVXUH VZLQJ DGVRUSWLRQ
36$LVWKHRQO\HFRQRPLFDOO\IHDVLEOHFRPPHUFLDOLVHGVHSDUDWLRQSURFHVVWRSURGXFHXOWUDSXUHK\GURJHQ
YROIURPDV\QWKHWLFJDV9DULRXVZRUNVKDYHEHHQSXEOLVKHGRQK\GURJHQSXULILFDWLRQXVLQJ+36$EXW WKH\
KDYHEHHQPDLQO\EDVHGRQ IHHGJDVHVRULJLQDWHGIURP605UHDFWRUVDQG&2*V>@7KHUHIRUH LW LV UHTXLUHG WR
UHGHVLJQWKH+36$EDVHGRQWKHFRQGLWLRQRIIHHGJDVRULJLQDWHGIURPFRDOJDVLILHUV
,QWKLVVWXG\D+36$KDVEHHQVLPXODWHGXVLQJDQLQKRXVHG\QDPLFVLPXODWRUZKLOHDQH[HPSODU\,*&&SODQWLV
VLPXODWHGXVLQJ+RQH\ZHOO8QL6LP'HVLJQ57KH LQKRXVH+36$VLPXODWRUZDVVXFFHVVIXOO\ LPSRUWHG LQWR






















$Q(OHYDWHG3UHVVXUH (3$68SURGXFHVR[\JHQ IURPDLU IRU LWV XVH LQ WKH JDVLILHU DQG WKH&ODXV VXOSKXU
SODQW7KHKRWV\QJDVIURPWKHJDVLILHULVVXEVHTXHQWO\TXHQFKHGE\ZDWHUWRKDYHWKHV\QJDVFRQWDLQVWHDP$IWHU









VR WKH6KHOO ,*&&ZRXOG UHTXLUHJUHDWHU DPRXQW RI&2 WREH FRQYHUWHG WR&2 LQRUGHU WR DFKLHYHFDUERQ








XQLWEHFRPHVVDWXUDWHGZLWKZDWHU LQD IXHOJDV VDWXUDWLRQFROXPQDQG WKHQ LV IHG WRFRPEXVWLRQFKDPEHU%XW LQ
FDVHRIDGYDQFHG,*&&SODQWWKHWUHDWHGV\QJDVLVVSOLWLQWRWZRVWUHDPVRQHVWUHDPIORZVWRWKHJDVWXUELQHDQGWKH
RWKHUIORZVWRD+36$7KHWUHDWHGV\QJDVLVFRPSRVHGRI+&2&21
$UDWEDU LQ WKLV VWXG\7KH LQLWLDO VLPXODWLRQVEDVHGRQ WKHYDOXHVRI WKH+6DQG&2VROXELOLWLHV LQ6HOH[RO












JHQHUDWLRQE\ IHHGLQJ LW WRDFRPELQHGF\FOH7RGR WKLV WKH+36$WDLOJDVQHHGV WREHUHFRPSUHVVHGEHIRUH LW
EHLQJVHQWWRDKLJKSUHVVXUHFRPEXVWLRQFKDPEHU*LYHQWKHIDFWWKDWWKHWDLOJDVFRPSUHVVLRQLQYROYHVVLJQLILFDQW
SRZHUFRQVXPSWLRQLWLVHVVHQWLDOWRLQFUHDVHWKHK\GURJHQUHFRYHU\DWWKH+36$FORVHWRLWVPD[LPXPLQRUGHUWR
PLQLPLVH WKH UHTXLUHG+36$ IHHG IORZUDWHDQG WKH WDLO JDVFRPSUHVVLRQZRUNDW WKH VDPH WLPH2QFH WKHPDVV
EDODQFH DURXQG WKH+36$ LV GHWHUPLQHGEDVHGRQ WKH UHTXLUHGSURGXFW IORZUDWH DQG WKHPD[LPXP+ UHFRYHU\
DFKLHYDEOHLWLVSRVVLEOHWRHVWLPDWHQHWSRZHUJHQHUDWLRQWDNLQJLQWRDFFRXQWWKHWDLOJDVFRPSUHVVLRQZRUN
,QRXUSUHYLRXVZRUN>@DQLQGHSWKVWXG\RQGHVLJQRI+36$LQWHJUDWHGZLWKDQ,*&&SRZHUSODQWZDV
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VDFULILFH RI + UHFRYHU\ DQG SURGXFWLYLW\ ,Q WKH IRXU VL[ DQG QLQHFROXPQ V\VWHPV WKH WDUJHWHG + SXULW\ LV
REWDLQHGZLWKD+36$UXQKDYLQJDFROXPQVL]HWRJLYHDUHVLGHQFHWLPHLQWKHYLFLQLW\RIPāVPRO7KLVLV
EHFDXVHDVWKHIHHGIORZUDWHWRRQHFROXPQGXULQJDGVRUSWLRQVWHSLVUHGXFHGIURPWRWDO IHHGIORZUDWHDW WKHIRXU
FROXPQ36$ WR WKH RQH WKLUG DW WKH QLQHFROXPQ36$ WKURXJK WKH RQH KDOI DW WKH VL[FROXPQ36$ WKH UHTXLUHG
YROXPH RI RQH DGVRUSWLRQ FROXPQ LV UHGXFHG DOPRVW DW WKH VDPH UDWLR +RZHYHU WKH UHVLGHQFH WLPH LV QRWDEO\






















)RXU&ROXPQ36$ZLWKWZRVWDJHSUHVVXUHHTXDOLVDWLRQ   
6L[&ROXPQ36$ZLWKWZRVWDJHSUHVVXUHHTXDOLVDWLRQ   
1LQH&ROXPQ36$ZLWKWKUHHVWDJHSUHVVXUHHTXDOLVDWLRQ   





DQG+ LQ UHDFWLRQZLWK VWHDP 7KLVPRGLILFDWLRQ FDQ DOVR OHDG WR UHGXFH WKH HQHUJ\ SHQDOW\ LQYROYHG LQ FDUERQ
FDSWXUH
+RZHYHU LW VKRXOGEHQRWHG WKDW LW LV QRWSRVVLEOH WR UHF\FOH WKHHQWLUH WDLOJDV WR WKH VKLIW UHDFWRUVGXH WRD


















JDV UHF\FOH 7R GR WKLV VWXG\ LW LV SUHUHTXLVLWH WR FRQVWUXFW DQ LQWHJUDWHG SURFHVV VLPXODWLRQZKHUH WKH LQKRXVH
G\QDPLF+36$VLPXODWRULVLPSRUWHGLQWRWKH8QL6LP,*&&VLPXODWLRQDVVKRZQLQ)LJXUH$VDUHVXOWRIWKH
VLPXODWLRQ VWXG\ LW LV HVWLPDWHG WKDW WKHRQHFROXPQ UHVLGHQFH WLPH VKRXOGEH LQFUHDVHG WRPāVPRO IURP




$ GHWDLOHG VLPXODWLRQ RI DQ DGYDQFHG ,*&& SODQW WR SURGXFH SRZHU DQG XOWUDSXUH K\GURJHQ VLPXOWDQHRXVO\
ZKHUH&2 LV LQWULQVLFDOO\FDSWXUHGE\DSUHFRPEXVWLRQFDSWXUHKDVEHHQSURSRVHG LQ WKLV VWXG\7KH+36$ LV
GHVLJQHG VXFK WKDW LWV + UHFRYHU\ FDQ EH LQFUHDVHG WR LWV PD[LPXP LQ RUGHU WR DYRLG WKH H[FHVVLYH SRZHU
FRQVXPSWLRQLQYROYHGLQWDLOJDVFRPSUHVVLRQDQGPLQLPLVHWKH+36$IHHGJDVIORZUDWH
7KHDGYDQFHG,*&&IRUFRJHQHUDWLRQFDQEHLPSURYHGE\LPSOHPHQWLQJWKHWDLOJDVUHF\FOHWRVKLIWUHDFWRUVVLQFH




:H ZRXOG OLNH WR H[SUHVV RXU JUDWLWXGH IRU WKH ILQDQFLDO VXSSRUW IURP (365& *UDQWV 1R (3)
(3*DQG(3-DQG.(7(3*UDQW1R
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